Enhanced telomere maintenance is evident in malignant cancers. While telomeres are thought 28 to be inherently heterochromatic, detailed mechanisms of how epigenetic modifications impact 29 telomere protection and structures are largely unknown in human cancers. Here we develop a 30 molecular tethering approach to experimentally enrich heterochromatin protein HP1α specifically 31 at telomeres. This results in increased deposition of H3K9me3 at cancer cell telomeres.
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shelterin integrity remained intact. See Supplementary Fig. 1 for independent, uncropped 156 images of triplicate ChIP experiments. In summary, we established a controlled system to alter 8 primary fibroblast cell lines, BJ or WI-38, there were no significant differences among 182 TRF1HP1α or corresponding Vonly or TRF1 control groups ( Fig. 2f-h) . Thus, tethered-HP1α at 183 telomeres did not exacerbate replicative senescence in fibroblasts, further validating the intact 184 functionality of the manipulated telomeric chromatin domain. 
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Validation of the ability of these mutant proteins to localize to telomeres or other genomic 197 regions was performed as described for Fig. 1b-d . WT TRF1HP1α and all mutants tested had 9 controlled tethering system, telomere anchorage of V22M was efficiently driven by its TRF1 208 fusion and did not require HP1α recognition of H3K9me2/3, that might potentially have 209 contributed to non-telomeric localization. Therefore, we deliberately used V22M to control for 210 possible indirect effects due to tethering of TRF1 to non-telomeric HP1α genomic sites.
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Meanwhile, there was no significant change in number of TRF2 foci per nucleus (Fig. 3e ).
213
Chromo shadow domain of HP1α attenuates telomere extension
214
To determine which domain functions of HP1α control telomere extension by telomerase, we 215 generated cells stably overexpressing TRF1HP1α-constructs harboring various mutations within 216 HP1α ( Fig. 3a-d ), using the experimental set-up shown ( Fig. 2a ). Interestingly, WT TRF1HP1α 217 and V22M limited telomere extension to similar extents ( Fig. 3f, h) . Hence, because TRF1 218 tethering of HP1α to telomeres bypassed the need for H3K9me2/3 recognition for HP1α 219 recruitment to telomeres, HP1α recognition of H3K9me2/3 per se is not required for this 220 inhibition of telomere extension. In contrast, I165A abolished the inhibition of telomere 221 lengthening, as did V22MI165A. Since I165A abrogates both dimerization and ligand binding,
222
we sought to separate which function was primary in this regulation of telomerase action. An 223 additional CSD mutant W174A, which is deficient in ligand binding but can still dimerize, only 10 would lead to less incorporation of mutant hTR-specified telomeric DNA, and hence lead to a 234 diminished DNA-damage response at telomeres. Incorporated mutant telomere repeats cannot 235 bind shelterin proteins, leading to rapid uncapping and localized telomere damage foci 42 . Cells
236
were infected on Day 0 with WT hTR or mutant hTRs, either 47A (5'TTTGGG) 38 or TSQ1
237
(5'GTTGCG) 43 , and selected for stable expression after 48h. On day 5, 53BP1 DNA damage 238 foci present at telomeres, also referred to as telomere dysfunction-induced foci (TIFs), were 239 increased ( Fig. 4a -c) compared to WT hTR ( Fig. 4d , e). We tested TIF induction early, when cell 240 growth was only mildly affected ( Supplementary Fig. 5 ). Introduction of TRF1HP1α yielded 241 fewer average 47A-induced TIFs (~13.4%) compared to controls Vonly (~23.8%), TRF1
242
(~28.6%) and HP1α (~23.8%) ( Fig. 4a-b ). Similar findings were also observed with TSQ1 243 treatment ( Fig. 4c ). Moreover, WT TRF1HP1α (~13.4%) and V22M (~16.7%) showed similar 244 TIFs ( Fig. 4a-b ). However, elevated TIFs were observed in CSD mutants I165A (~27.7%),
245
W174A (~22.6%) and V22MI165A (~26.8%). In cells overexpressing WT hTR, minimal baseline 246 DNA damage at telomeres was observed in corresponding controls (ranging from 4.1%-7.5%; 
249
In these experiments, the DNA damage caused by incorporated mutant repeats depends on Tethered HP1α reduces telomere damage induced by siTRF2
260
To further study the direct telomere-protective effect of HP1α, we used two additional, 261 independent approaches. First, we induced telomere damage by efficiently knocking down 262 TRF2 with si-TRF2 ( Fig. 5a ). Baseline TIFs were quantified using control non-targeting si-RNA 263 ( Fig. 5b ). TRF1HP1α mildly protected from siTRF2-induced telomere damage ( Fig. 5c ).
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Furthermore, comparing across all of the TRF1HP1α mutants, the pattern of allele-specific 265 effects on TRF2-depletion-induced TIFs closely paralleled their corresponding pattern on 47A-266 hTR-induced TIFs (compare Fig. 4b with Fig. 5c ). This similarity of protective effects, against 267 both telomerase-independent (TRF2 knock-down) and telomerase-dependent (47A hTR-268 induced) damage, indicated that in addition to its inhibitory effect on telomerase action, 269 telomere-tethered WT TRF1HP1α can also protect telomeres.
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Independently, we also developed a CRISPR / Cas9-based telomeric DNA-cutting strategy to 272 induce telomere-specific damage in cells ( Supplementary Fig. 6 ). Interestingly, expressing 
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Some generalities emerged from these analyses. As expected, most telomeres appeared 13 spherical, but heterogeneous shapes were also observed 45 . Fig. 6c shows examples of 311 individual telomere structures across a gradient of Rg in TRF1HP1α. Analyses showed 312 telomeres with larger Rg displayed more variable and irregular shapes; specifically, while more 313 spread out in three dimensions, they were compact (dense) in one dimension (Fig. 6c ). The
314
distributions of Rg heterogeneity among individual telomeres were consistently observed in 315 multiple nuclei for each experimental group ( Fig. 6d-g ). This indicated that the observed 316 structural differences among groups, as described below, are unlikely to have been simply 317 skewed by specific nuclei that harbored Rg outliers.
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To compare among the groups, we quantified the differences in telomeric structures. Rg 320 distribution frequency of individual telomeres were represented by violin plots (Fig. 6h ).
321 Surprisingly, the Rg mean of WT TRF1HP1α (90.7 nm) was significantly higher than the mean 322 Rgs of controls TRF1 (84 nm) and HP1α (73.8 nm). The phenotype of the point mutant
323
TRF1HP1α I165A (Rg mean 83.6 nm) resembled that of the TRF1 control (84 nm). We also 324 noted that the Rg mean of TRF1 alone versus HP1α alone differed. Further studies are 325 underway to better understand this phenomenon. We focused our analyses on the finding that 326 the Rg mean of WT TRF1HP1α was significantly higher than both controls (TRF1 or HP1α) or 327 point mutant TRF1HP1α I165A. To quantify the proportions of irregular telomere structures,
328
mean Rg of TRF1 (84 nm) was applied as a reference cut-off ( Fig. 6h , dashed line). Fractions of 329 telomeres with Rg equal or greater than 84 nm were calculated ( Fig. 6i ). There was a higher 330 fraction of irregularly-shaped telomeres in WT TRF1HP1α (0.55) compared to TRF1 (0.44) or
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The establishment of a dynamic telomeric chromatin is important for the structural and 337 functional integrity of telomeres. However, how structural determinants impact telomere 338 maintenance is largely unknown. We experimentally enhanced heterochromatinization at 339 chromosomal ends by enriching HP1α specifically at telomeres. The results reported here, 340 summarized in Fig. 7 , provide new insights into how heterochromatin alters telomere 341 maintenance and structure. Using TRF1 for telomere-tethering of HP1α, which is detected 342 naturally at telomeres but at low occupancies 14, 33-35 , we report that an intact dimerization 343 domain of HP1α, with its ligand binding function, is required to regulate telomere extension.
344
Thus, HP1α-induced chromatin alteration can function as a gatekeeper of telomerase action.
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The 
532
DNA in Supplementary Fig 6a and 6i were digested with RsaI and HinfI. Generally size markers 533 were loaded on TRF gels. However, the DNAs in Supplementary Fig 6a and 6i were only run for 534 a very short time so that the telomeres would remain as compact as possible to maximize the 535 ability to detect remaining telomere resulting from Cas9-digestion. As size markers would not 536 have been able to be resolved during this short run, they were eliminated in this in-gel 537 hybridization. Here we focused on quantifying telomeric intensity using [γ-32 P] end-labeled Alu 538 probe (CAC GCC TGT AAT CCC AGC ACT TTG) as loading controls. Gels were denaturized 539 and neutralized between C-strand telomere probe and Alu probe hybridization. Uncropped gels 540 were shown in Supplementary Fig. 10 .
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Senescence associated beta-galactosidase (β-gal) was analyzed using colorimetric β-gal 544 staining kit (Cell Signaling) or quantified by fluorometric kit (Cell Biolabs). Total protein was 545 measured using Precision Red protein assay reagent (Cytoskeleton, Inc.).
547
Cell growth assays
548
Puromycin-selected cells were infected with either WT or mutant hTRs at day 0, and selected 549 with puromycin at day 2. Cells were split as needed to maintain logarithmic growth, and 
